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The X-linked inhibitor of apoptosis (XIAP) protein has been
identified as a key genetic driver of two distinct inflammatory
disorders, X-linked lymphoproliferative syndrome 2 (XLP-2)
and very-early-onset inflammatory bowel disease (VEO-IBD).
Molecularly, the role of XIAP mutations in the pathogenesis of
these disorders is unclear. Recent work has consistently shown
XIAP to be critical for signaling downstream of the Crohn’s dis-
ease susceptibility protein nucleotide-binding oligomerization
domain-containing 2 (NOD2); however, the reported effects of
XLP-2 and VEO-IBD XIAP mutations on cell death have been
inconsistent. In this manuscript, we describe a CRISPR-medi-
ated genetic system for cells of the myeloid lineage in which
XIAP alleles can be replaced with disease-associated XIAP vari-
ants expressed at endogenous levels to simultaneously study
inflammation-related cell death and NOD2 signaling. We show
that, consistent with previous studies, NOD2 signaling is criti-
cally dependent on the BIR2 domain of XIAP. We further used
this system to reconcile the aforementioned inconsistent XIAP
cell death data to show that XLP-2 and VEO-IBD XIAP muta-
tions that exhibit a loss-of-function NOD2 phenotype also lower
the threshold for inflammatory cell death. Last, we identified
and studied three novel patient XIAP mutations and used this
system to characterize NOD2 and cell death phenotypes driven
by XIAP. The results of this work support the role of XIAP in
mediating NOD2 signaling while reconciling the role of XLP-2
and VEO-IBD XIAP mutations in inflammatory cell death and
provide a set of tools and framework to rapidly test newly dis-
covered XIAP variants.

The avoidance of inflammatory disease requires exquisite
control of innate immune and inflammatory signaling. The
NOD2:RIPK2 innate immune signaling axis provides an exam-
ple of this tight control, as loss-of-function (LOF)3 NOD2
alleles are linked to genetic Crohn’s disease, whereas gain-of-
function NOD2 alleles cause early-onset sarcoidosis (1–7).
Importantly, even in patients not harboring mutations in
NOD2, NOD2 and its obligate protein kinase-binding partner,
RIPK2, are NF-�B-controlled genes. NOD2 and RIPK2 are
therefore often up-regulated in inflammatory disease and are
thought to contribute to the pathogenesis of a number of
inflammatory disorders (6, 8 –13). Thus, there is a fine balance
of NOD2 and RIPK2 signaling that must be achieved to coordi-
nate a balanced immune response. Too much signaling causes
inflammatory disease, and too little signaling also causes
inflammatory disease. Given the role of posttranslational mod-
ifications, especially ubiquitination, in regulating NOD2 signal-
ing activity (reviewed in Ref. 14), it becomes imperative to
understand how ubiquitination pathways maintain proper sig-
naling and proper immunologic homeostasis.

A key E3 ubiquitin ligase implicated in NOD:RIPK2 signaling
is the X-linked inhibitor of apoptosis protein (XIAP) (15, 16).
Mutations in XIAP cause both X-linked lymphoproliferative
disorder (XLP-2) and very-early-onset inflammatory bowel dis-
ease (VEO-IBD) (17, 18). Functionally, XIAP relies on RING-
mediated ubiquitin transfer to regulate a diverse set of cellular
processes (reviewed in Ref. 19). Originally described as an
inhibitor of cell death proteases (20), XIAP has been demon-
strated to be a critical regulator of caspase activation and activ-
ity (21–25). Extensive work has further demonstrated XIAP to
play a pivotal role in a number of other cellular processes,
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restriction of bacterial proliferation in vitro and in vivo (31–33).
Structurally, XIAP contains three baculoviral inhibitor of apo-
ptosis repeat domains (BIR1, BIR2, and BIR3), an ubiquitin-
binding domain, and a C-terminal RING domain that confers
E3 ubiquitin ligase activity (34 –38). XIAP mutations linked to
XLP-2 and VEO-IBD are dispersed throughout the gene and
cause either truncation of the protein or amino acid substitu-
tions. Numerous independent groups have shown that trunca-
tion mutants that delete the RING domain and point mutants
that disrupt the BIR2 domain greatly decrease NOD:RIPK2 sig-
naling. These results have been consistent between studies and
have utilized primary patient peripheral blood mononuclear
cells (PBMCs) as well as a well known XIAP-null colon carci-
noma cell line (XIAP�/Y HCT-116) (18, 39 – 41).

Less consistent have been the results studying the roles of
XLP-2 and VEO-IBD XIAP mutations in inflammation-related
cell death. Studies with primary bone marrow-derived macro-
phages (BMDMs) from mice genetically null for XIAP have
clearly shown them to be hypersensitive to cell death following
stimulation with a variety of inflammatory ligands such as TNF
and LPS (42, 43); however, because it relies on primary cell
generation, the system is not easily amenable to genetic manip-
ulation. For this reason, reconstitution experiments with XLP-2
or VEO-IBD mutations have not been performed. Cell death in
XLP-2 and VEO-IBD patient primary cells and in XLP-2 and
VEO-IBD patient tissue has been studied, but these studies
have been limited to CD3� T cells and intestinal epithelial cells
and have been inconsistent. For instance, in one study,
increased intestinal lamina propria T cell apoptosis was seen;
however, of the 10 patient biopsies studied, 4 had overlapping
cell death frequencies with unaffected control tissue (39).
Another study reported no increased T cell apoptosis (40)
whereas yet another showed increased T cell apoptosis in a
single patient (18). In only one of these studies was a particular
patient mutation correlated with apoptosis, and it is therefore
difficult to determine from the literature which XIAP muta-
tions cause apoptosis susceptibility. XIAP mutant intestinal
epithelial cell apoptosis studies have likewise been inconsistent.
One study using immunohistochemical techniques showed no
increased apoptosis, whereas a reconstitution study in an
immortalized XIAP-deficient colon carcinoma cell line
(XIAP�/Y HCT-116) showed that XIAP mutations actually
confer a degree of protection against TNF-related apopto-
sis-inducing ligand (TRAIL)-induced apoptosis compared with
genetic loss of XIAP (39, 41). The discordance in susceptibility to
cell death between patient samples and across cell types is poten-
tially the result of genetic heterogeneity among patients, differing
treatment regimens among patients, differing patient disease
courses, and different techniques and agonists used in each study.
Although these human studies are incredibly important to under-
stand human pathophysiology, caveats present in all human stud-
ies make identification of molecular mechanisms more difficult.

XIAP-null BMDMs have a very strong cell death phenotype
(42, 43), and coupled with the facts that NOD2 signaling is
strongest in the macrophage/dendritic cell lineage (44 – 46) and
that hematopoietic stem cell transplant has been curative in
XIAP-driven XLP-2 and VEO-IBD (18, 47– 49), systematic
study of XIAP mutants in the myeloid lineage is important for

the field but has yet to be performed. In this work, we generate
XIAP knockout macrophages and dendritic cells. We show that
these cells recapitulate the published NOD2 signaling defect
and allow systematic study of the role of XIAP in inflammatory
cell death in the myeloid lineage. We show that XIAP-null
macrophages preferentially undergo apoptosis in response
to inflammatory stimuli, whereas XIAP-null dendritic cells
undergo both apoptosis and necroptosis. We reconstitute these
cells with the three major XIAP truncation mutants as well as
point mutations from each of the BIR domains at near endogenous
levels. We employ these reconstituted cells to show that mutants
that cause NOD2 signaling loss also cause inflammatory cell death
susceptibility, whereas those that do not affect NOD2 signaling
also do not affect inflammatory cell death susceptibility. Last, we
identify and utilize three novel XLP-2-linked XIAP mutations to
predict and study mutant function. In all, this work supports the
published role of XIAP in NOD2:RIPK2 signaling. This system
allows the rapid interrogation of newly discovered XIAP variants
for functional deficits. Further, these findings resolve important
inconsistencies concerning the role XIAP mutations play in
inflammatory cell death susceptibility and provide a platform to
study the molecular biology of novel XIAP mutants.

Results

Genetic XIAP loss causes a blunted NOD1/2 response

The investigation of XIAP loss in innate immune signaling
pathways has been somewhat limited by the reagents available.
Two immortalized cell lines in which XIAP is genetically lost,
XIAP�/� MEFs and XIAP�/Y HCT116 cells, have less-than-
robust responses to toll-like receptor (TLR) and NOD stimuli
compared with macrophages and dendritic cells. Mutant
reconstitution in primary cells from XIAP�/� mice and subse-
quent study of those cells is difficult because of the limited
proliferative capacity of primary cells, and the study of XIAP-
mutated patient cells is limited by both the availability of pri-
mary patient cells and the limited amount of blood that can be
drawn from these young patients. Given these difficulties and
the need to reconcile variable reports of inflammatory cell
death phenotypes in XIAP-mutant cells, we coupled CRISPR/
Cas9 with our recently published myeloid lentiviral expression
system (50) to generate a cell culture system in which the func-
tion of XIAP could be directly assessed. Stable knockout cell
lines were generated using the LentiCrisprV2 system (51) with
efficient loss of XIAP in HEK293Ts, a murine dendritic cell line
(DC2.4s), and immortalized bone marrow-derived mac-
rophages (iBMDMs) with two distinct single-guide RNA
(sgRNA)-targeting constructs (G1 and G2) (Fig. 1a). Utilizing
the HEK293T XIAP knockout cells lines, we then tested
whether loss of XIAP impaired NOD1- and NOD2-driven
transcriptional responses. NOD1 or NOD2 overexpressed in
HEK293Ts lacking XIAP in the presence of an NF-�B-driven
luciferase demonstrated blunted NF-�B-driven luciferase
activity consistent with the known function of XIAP at NOD1
and NOD2 signaling complexes (15, 16) (Fig. 1b). To confirm
that this defect was consistent with a loss of endogenous
NOD2-driven transcription activity, dendritic cells with (Neg)
or without (XIAP-G1 and XIAP-G2) XIAP were stimulated
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with the NOD2 agonist L18-muramyl dipeptide (L18-MDP)
and assayed for the expression of IRG1, a downstream tran-
scription target we have demonstrated previously as a NOD2-
responsive gene (52). As seen in the NF-�B luciferase assays,
loss of XIAP blunted the NOD2-driven expression of immune-
regulated genes, evidenced by significantly lower MDP-in-
duced expression of IRG1 in dendritic cells lacking XIAP (Fig.
1c). Taken together, these cell lines recapitulate signaling
defects at innate receptors known to require XIAP activity and
provide a platform to dissect XIAP function.

XIAP is a critical regulator of cell death in dendritic cells and
macrophages

XIAP functions as a diverse mediator of many different cel-
lular processes (reviewed in Ref. 19), including the direct inhi-
bition of caspases 3, 7, and 9 to restrict cell death (42, 25, 53).

Reports on cell death in XIAP-mutant patients have been incon-
sistent. Some studies have found increased cell death. Others
have found no change in cell death, whereas still others have
shown some degree of protection from cell death from XIAP-
mutant alleles. Given that the studies on the XIAP mutants had
been performed in T cells and in intestinal epithelial cells, and
given that the myeloid lineage is known to be extremely sensi-
tive to cell death when XIAP is lost, we tested our XIAP�/�

macrophages and dendritic cells for a cell death phenotype. To
elicit cell death, cells were treated with TNF and the IAP antag-
onist GDC-0152. GDC-0152 is a multivalent IAP antagonist
with greater collective affinity for cIAP1 and cIAP2 than XIAP,
leading to rapid degradation of cIAP1/2 and release of
caspase-8 inhibition at the TNF receptor complex (54 –56).
Loss of XIAP (XIAP-G1 and XIAP-G2) in the DC2.4 cell line
resulted in a loss of viable cells following TNF and GDC-0152
treatment relative to the non-targeted (Neg) DC2.4 cell line
(Fig. 2a). Western blots of cell lysates from Neg, XIAP-G1, and
XIAP-G2 DC2.4 cells treated with TNF and GDC-0152 for 0, 8,
16, and 24 h revealed that, although DC2.4 cells undergo a sig-
nificant level of apoptosis (as indicated by caspase-3 cleavage),
necroptosis is also active, as evidenced by elevated and induced
phosphorylation of mixed lineage kinase domain-like (MLKL)
(57) (Fig. 2b). In addition to TNF-stimulated cell death, treat-
ment of DC2.4s with LPS and GDC-0152 resulted in a signifi-
cant decrease in viable cells with the loss of XIAP (Fig. 2c). As
seen with TNF treatment, LPS and GDC-0152 treatment
resulted in accelerated accumulation of cleaved caspase-3 and
slightly elevated phosphorylated MLKL, again indicating that
loss of XIAP in dendritic cells increases sensitivity to pro-apo-
ptotic and pro-necroptotic cell death signals (Fig. 2d). To exam-
ine whether loss of XIAP increased sensitivity to cell death sig-
nals in other cell types, iBMDM cells, an immortalized mouse
macrophage cell line, were similarly treated with either TNF
(Fig. 2e) or LPS (Fig. 2g) with and without GDC-0152. As was
seen with DC2.4s, iBMDMs lacking XIAP exhibited accelerated
loss of viable cells. In contrast to the DC2.4s, the TNF- or LPS-
stimulated iBMDM cell death was exclusively due to apoptosis
rather than necroptosis, as evidenced by increased cleaved
caspase-3 but absent phosphorylated MLKL at each time point
(Fig. 2, f and h). Collectively, these results demonstrate that
XIAP is a critical regulator of both NOD2 signaling activity as
well as TNF- and LPS-driven cell death in both dendritic cells
and macrophages.

XIAP sets a critical threshold for apoptosis and necroptosis

To further assess the mechanism by which the DC2.4 and
iBMDM XIAP knockout cell lines undergo cell death, a chem-
ical inhibitor approach was utilized. By combining different
inhibitors with TNF and IAP antagonist stimulation, cells can
be directed toward unique cell death programs. Addition of the
pan-caspase inhibitor Z-VAD blocks caspase-8-mediated acti-
vation of apoptosis, shunting cells toward RIP1/RIP3-driven
necroptosis (58). Alternatively, addition of the RIPK1 inhibitor
necrostatin-1 (nec-1) (59) inhibits RIPK1-driven cell death pro-
grams, including necroptosis. With this approach, it is possible
to decipher whether cells undergo apoptosis, necroptosis, or a
combination of both upon TNF-driven cell death initiation.

Figure 1. CRISPR/Cas9 knockout of XIAP blunts NOD1/2 response. a,
Western blots showing CRISPR/Cas9-mediated XIAP knockout in the
HEK293T, DC2.4, and iBMDM cell lines. N, non-targeted: G1, XIAP-G1; G2, XIAP-
G2. b, top panels, NOD1 and NOD2-activated NF-�B luciferase assay in non-
targeted (Neg) or stable XIAP knockout HEK293T lines (XIAP-G1 and XIAP-G2).
Bottom panels, Western blots from a single replicate of the luciferase assay
above, demonstrating equal transfection efficiency for HA-NOD1 and HA-
NOD2 in the cell lines examined for NOD-induced NF-�B activity. *, p � 0.05
compared with Neg by two-way ANOVA. c, real-time quantitative PCR for
expression of IRG1 in Neg or XIAP knockout DC2.4 cells treated with 10 �g/ml
of L18-MDP for 0, 3, and 6 h. *, p � 0.05 compared with the corresponding Neg
time point by two-way ANOVA.
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Stimulation of DC2.4 dendritic cells with TNF and GDC-0152
in the presence of the pan-caspase inhibitor Z-VAD resulted in
sustained cell death that was rescued with the RIPK1 inhibitor
nec-1 (Fig. 3a). Western blots of lysates from DC2.4 cells
treated with TNF and GDC-0152 and either Z-VAD, nec-1, or
Z-VAD and nec-1 showed that the prominent apoptotic mech-
anism of death was entirely diverted to necroptosis, and both
pathways were prominently inhibited with the addition of both
Z-VAD and nec-1 (Fig. 3b). This pattern of cell death was con-
served when DC2.4 cells were treated with LPS in place of TNF
(Fig. 3, c and d), indicating that TNF- and LPS-induced cell
death in dendritic cells is primarily apoptosis-driven while con-
tinuing to be necroptosis-permissive. In contrast to the den-
dritic cells, iBMDM cell death driven by both TNF and LPS was
rescued by both Z-VAD and nec-1 (Fig. 3, e and g, respectively).
This was further substantiated by Western blots of iBMDM
cells treated with TNF and LPS in the presence or absence of
Z-VAD and nec-1, showing a dramatic reduction of cleaved
caspase-3 in the XIAP knockout lines in the presence of the
inhibitors (Fig. 3, f and h).

Throughout the cell death studies, increased phosphorylated
MLKL could be visualized in the XIAP-null DC2.4 dendritic
cell lines (Figs. 2, b and d, and 3, b and d). As necroptosis plays
a prominent role in pediatric intestinal inflammation (60), we
decided to further examine the effect of XIAP loss on necrop-
totic cell death. We hypothesized that XIAP may control the
threshold for onset of necroptosis by restricting the kinetics of
MLKL phosphorylation and subsequent membrane disruption.

To test this, we examined the phosphorylation of MLKL in
response to TNF, GDC-0152, and Z-VAD treatment in the
absence or presence of nec-1 at early time points of treatment.
Loss of XIAP (G1 and G2) consistently resulted in increased
phosphorylated MLKL at 2 h of treatment and sustained phos-
phorylated MLKL at 4 h of treatment compared with non-tar-
geted (Neg) cells (Fig. 4a). To test whether the early and
increased phosphorylated MLKL seen in the XIAP knockout
lines was functionally consequential, we performed propidium
iodide (PI) uptake assays. Cells were cultured in imaging
medium in the presence of PI on a plate reader. After a brief
period to read the background PI signal, either TNF alone or
TNF, GDC-0152, and Z-VAD was added to the cells, and the PI
signal was recorded at 10-min intervals. TNF, GDC-0152, and
Z-VAD treatment resulted in an increased PI signal starting �2
h after addition of treatment, corresponding with phosphory-
lation of MLKL and disruption of the outer plasma membrane.
Importantly, loss of XIAP resulted in a significantly greater PI
signal compared with non-targeted cells (Fig. 4b). These data
demonstrate that XIAP is a critical regulator of TNF- and LPS-
induced cell death in dendritic cells and macrophages. Genetic
loss of XIAP results not only in a dramatically blunted
NOD1/2 response, but it also sensitizes cells to pro-apopto-
tic and pro-necroptotic stimuli. Given that cells lacking
XIAP exhibit this dual phenotype, both or either cellular
phenotype may play a critical role in inflammatory disease in
which XIAP is mutated.

Figure 2. Loss of XIAP sensitizes dendritic cells and bone marrow-derived macrophages to TNF and LPS-induced cytotoxicity. a, non-targeted (Neg) and
XIAP knockout (XIAP-G1 and XIAP-G2) DC2.4 cell lines stimulated with TNF in the presence (T�G) or absence (T) of the IAP antagonist GDC-0152 for 20 –24 h and
subsequently stained and quantified for viable cells with methylene blue. *, p � 0.05 compared with the corresponding Neg by two-way ANOVA. b, Western
blots of lysates from DC2.4 Neg, XIAP-G1, and XIAP-G2 cell lines stimulated for 0, 8, 16, and 24 h with TNF and GDC-0152. c, Neg and XIAP knockout DC2.4 cell
lines stimulated with LPS in the presence (L�G) or absence (L) of the IAP antagonist GDC-0152 for 20 –24 h. Viable cells were quantified by methylene blue
staining *, p � 0.05 compared with the corresponding Neg by two-way ANOVA. d, Western blots of lysates from the DC2.4 Neg, XIAP-G1, and XIAP-G2 cell lines
stimulated for 0, 8, 16, and 24 h with LPS and GDC-0152. e, Neg, XIAP-G1, and XIAP-G2 stable iBMDM cell lines were stimulated with TNF in the presence (T�G)
or absence (T) of the IAP antagonist GDC-0152 for 20 –24 h and stained with methylene blue, and viable cells were quantified. *, p � 0.05 compared with the
corresponding Neg treatment by two-way ANOVA. f, Western blots of lysates from Neg, XIAP-G1, and XIAP-G2 stable iBMDM cells stimulated with TNF and
GDC-0152 for 0, 8, 16, and 24 h. g, Neg, XIAP-G1, and XIAP-G2 stable iBMDM cell lines stimulated with LPS in the presence (L�G) or absence (L) of the IAP
antagonist GDC-0152 for 20 –24 h and methylene blue-stained. *, p � 0.05 compared with the corresponding Neg treatment by two-way ANOVA. h, Western
blots of lysates from iBMDM cell lines following stimulation with LPS and GDC-0152 for the indicated time. All Western blot experiments were performed in
triplicate. a— d, TNF (10 ng/ml), GDC-0152 (2 �M), and LPS (100 ng/ml). e— h, TNF (10 ng/ml), GDC-0152 (200 nM), and LPS (100 ng/ml). FL, full-length caspase-3;
CD, cleaved caspase-3.
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Reconstitution of XIAP-null stable cell lines with patient-
derived XIAP variants

Given that loss of XIAP led to a combined NOD2 and cell
death phenotype, we next wanted to determine whether
patient-derived mutations exhibited a defect in NOD2, a lack of
inhibition of cell death, or both of these phenotypes. To test
this, we reconstituted WT XIAP, ubiquitin ligase-dead XIAP,
or a disease-associated XIAP variant to the XIAP-null cell lines
using a lentiviral construct recently developed by our labora-
tory (50). XIAP contains three BIR domains, an ubiquitin-bind-
ing domain, and a RING domain. Missense and nonsense muta-
tions reported in the literature from patients with inflammatory
disease were chosen for study that span the protein-coding
sequence of XIAP and inserted with an N-terminal myc tag
downstream of an antibiotic resistance gene in the lentiviral
construct (Fig. 5a). To prevent residual CRISPR/Cas9 activity
in the knockout cell lines from silencing the reconstitution len-
tiviral XIAP expression system, the NGG that is the proto-
spacer-adjacent motif (PAM) of the sgRNA was mutated utiliz-
ing the degeneracy of the codons to conserve the amino acid at
that position. As an intact NGG, PAM is required for Cas9 to
generate a double-stranded break; mutation of the NGG pre-
vents any residual CRISPR/Cas9 still present in the stable
knockout cell lines from disrupting the reconstitution expres-
sion construct. The PAM of sgRNA-2 was mutated for the
HEK293Ts (XIAP-G2), and the PAM of sgRNA-1 was mutated

for the DC2.4s and iBMDMs (XIAP-G1). Following production
of lentivirus, infection, and antibiotic selection, XIAP and asso-
ciated mutants could be detected by antibodies directed to
XIAP or the N-terminal myc tag in the whole-cell lysates at near
endogenous levels of XIAP expression in HEK293Ts, DC2.4s,
and iBMDMs (Fig. 5b). The myc tag was utilized to visualize the
E99X and R381X mutants, as the epitope the XIAP mono-
colonal antibody recognizes is not sufficiently present in these
two truncation mutants (Fig. 5, a and b).

After generating cell lines stably expressing XIAP or XIAP
variant from a patient with inflammatory disease, we examined
whether the XIAP variants exhibited a NOD2 defect. To test
whether all generated XIAP mutants impair NOD2 activation,
NF-�B luciferase assays were performed in the stably reconsti-
tuted XIAP HEK293T lines. NOD2 was overexpressed in the
presence of a NF-�B-driven luciferase in each of the HEK293T
reconstitution cell lines. Reconstitution of the XIAP-null
HEK293T cells with WT XIAP restored NOD2-activated
NF-�B-driven luciferase activity, indicating that XIAP recon-
stituted using the lentiviral construct is functional and capable
of restoring XIAP activity at the NOD2 complex. Strikingly
similar to WT XIAP, both G39C and K297T induced signifi-
cantly greater NF-�B-driven luciferase activity relative to the
empty vector reconstitution line. In contrast, the ubiquitin
ligase-dead XIAP (H467A), all the nonsense mutations (E99X,
R381X, and G466X), and both mutations to the BIR2 domain

Figure 3. Chemical inhibitor studies reveal that dendritic cells undergo apoptosis and necroptosis, whereas macrophages primarily undergo apo-
ptosis. a, non-targeted (Neg) and XIAP knock-out (XIAP-G1 and XIAP-G2) DC2.4 cell lines stimulated with TNF (T); TNF and GDC-0152 (T�G); TNF, GDC-0152, and
Z-VAD (T�G�Z); TNF, GDC-0152, and nec-1 (T�G�N); or TNF, GDC-0152, Z-VAD, and nec-1 (T�G�Z�N) for 20 –24 h were methylene blue-stained and
quantified. *, p � 0.05 compared with the corresponding Neg treatment. b, Western blots of Neg, XIAP-G1, and XIAP-G2 DC2.4 stable lines following stimulation
with either TNF (T); TNF and GDC-0152 (TG); TNF, GDC-0152, and Z-VAD (TGZ); TNF, GDC-0152, and nec-1 (TGN); or TNF, GDC-0152, Z-VAD, and nec-1 (TGZN) for
8 h. c, quantification of Neg, XIAP-G1, and XIAP-G2 DC2.4 stable cell lines stimulated with either LPS (L); LPS and GDC-0152 (L�G); LPS, GDC-0152, and Z-VAD
(L�G�Z); LPS, GDC-0152, and nec-1 (L�G�N); or LPS, GDC-0152, Z-VAD, and nec-1 (L�G�Z�N) and methylene blue-stained. *, p � 0.05 compared with the
corresponding Neg treatment. d, Western blots of Neg, XIAP-G1, and XIAP-G2 DC2.4 cell response to 8-h treatment with either LPS (L); LPS and GDC-0152 (LG);
LPS, GDC-0152, and Z-VAD (LGZ); LPS, GDC-0152, and nec-1 (LGN); or LPS, GDC-0152, Z-VAD, and nec-1 (LGZN). e, Neg, XIAP-G1, and XIAP-G2 stable iBMDM cell
lines stimulated with either TNF; TNF and GDC-0152; TNF, GDC-0152, and Z-VAD; TNF, GDC-0152, and nec-1; or TNF, GDC-0152, Z-VAD, and nec-1 for 20 –24 h
were methylene blue-stained and quantified. *, p � 0.05 compared with the corresponding Neg treatment. f, Western blots analyzing Neg, XIAP-G1, and
XIAP-G2 stable iBMDM cell lines treated with TNF; TNF and GDC-0152; TNF, GDC-0152, and Z-VAD; TNF, GDC-0152, and nec-1; or TNF, GDC-0152, Z-VAD, and
nec-1 for 8 h. g, stable Neg, XIAP-G1, and XIAP-G2 iBMDM cell lines stimulated with either LPS; LPS and GDC-0152; LPS, GDC-0152, and Z-VAD; LPS, GDC-0152,
and nec-1; or LPS, GDC-0152, Z-VAD, and nec-1 for 20 –24 h were stained and quantified with methylene blue. *, p � 0.05 compared with the corresponding Neg
treatment. h, Western blots analyzing lysates from Neg, XIAP-G1, and XIAP-G2 iBMDM stable cell lines treated for 8 h with either LPS; LPS and GDC-0152; LPS,
GDC-0152, and Z-VAD; LPS, GDC-0152, and nec-1; or LPS, GDC-0152, Z-VAD, and nec-1. All Western blot experiments were performed three independent times.
a– d, TNF (10 ng/ml), LPS (100 ng/ml), GDC-0152 (2 �M), nec-1 (20 �M), and Z-VAD (20 �M). e– h, TNF (10 ng/ml), LPS (100 ng/ml), GDC-0152 (200 nM), nec-1 (20
�M), and Z-VAD (20 �M). FL, full-length caspase-3; CD, cleaved caspase-3. All statistical analyses were performed using two-way ANOVA.
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(H220Y and C203Y) could not support NOD2 activation of
NF-�B (Fig. 6a). Collectively, this provides evidence that not all
XIAP mutations reported in patients with gastrointestinal
inflammatory disease impair NOD2 function. Corroborating
this finding, DC2.4 cells, similarly reconstituted, showed the
same pattern of XIAP activity at the NOD2 complex in
response to L18-MDP when assayed for expression of IRG1 by
real-time quantitative PCR. XIAP, G39C, and K297T were all
able to increase expression of IRG1 significantly above the
empty reconstitution line, whereas the ligase-dead, nonsense,
and BIR2 variants could not rescue NOD2 activity (Fig. 6b).

Given the prominent role of XIAP in restricting cell death
and given that genetic loss of XIAP leads to both a NOD2 and a
cell death phenotype, we next sought to examine whether the
same set of XIAP variants exhibited a cell death phenotype.
DC2.4 and iBMDM XIAP knockout cells stably reconstituted
with either empty vector, wild-type XIAP, ubiquitin ligase-dead
XIAP (H467A), or a disease-associated mutant were stimulated
with either TNF or LPS with and without GDC-0152. Sur-
prisingly, each XIAP variant that had a blunted NOD2
response (Fig. 6, a and b); H467A, E99X, R381X, G466X,
H220Y, and C203Y also exhibited a profound inability to
suppress both TNF- and LPS-driven cell death (Fig. 6, c and

d). Similarly, all XIAP variants that restored NOD2 function
also restored XIAP suppression of TNF- and LPS-induced
cell death.

Although all variants that had a NOD2 defect also had a cell
death defect, this does not rule out the possibility that a given
XIAP variant alters the mechanism of cell death, being permis-
sive to some but not other cell death pathways. To test whether
the XIAP variants altered the mechanism of cell death com-
pared with genetic loss of XIAP, reconstituted DC2.4s and
iBMDMs were treated with TNF or LPS with and without
GDC-0152 in combination with Z-VAD and nec-1. The XIAP
variants with a greater sensitivity to cell death (H467A, E99X,
R381X, G466X, H220Y, and C203Y) all mirrored the activity of
their respective XIAP knockout cell lines, indicating that the
variants do not alter the mechanism of cell death, but instead
lower the threshold for activation of cell death (supplemental
Fig. 1). These data represent the first isogenic examination of
patient-derived XIAP variants that span the complete coding
sequence. Importantly, it demonstrates that the NOD2 and cell
death phenotype associated with patient-derived XIAP variants
are inseparable. Specifically, patient-derived variants that have
loss of function at the NOD2 complex also cannot inhibit cell
death.

Prediction of XIAP activity for patient-directed insight

Selecting XIAP variants spanning the entire protein-coding
sequence for study allowed us to begin addressing the difficult
problem of predicting the cellular phenotype associated with
XIAP variation. Our above data showed that, although five
XIAP mutations reported in patients with inflammatory dis-
ease showed a strong cellular phenotype, two (G39C and
K297T) did not. This finding suggests an important clinical
feature highlighted by exome sequences: human genetic alter-
ations are more common than previously realized (61).
Although finding a sequence that differs from a reference
sequence does not inherently mean that particular genetic
change is driving disease, these discrepancies represent prom-
ising avenues of pursuit. Indeed, the data generated here utiliz-
ing variants discovered by this method generates a model to
predict and test for deleterious mutations in patients. Specifi-
cally, we hypothesized that two separate predictions were pos-
sible. First, that we could predict de novo whether a XIAP var-
iant would have WT or LOF activity at the NOD2 complex, and,
second, when the MDP-driven NOD2 response was known,
whether that variant would exhibit a cell death defect. To test
this possibility, we identified a second set of three XIAP muta-
tions in patients presenting with early-onset inflammatory dis-
ease (S253X, 868_869insT, and A321G) (Fig. 7a). Our model
predicts that the nonsense mutation (S253X) and the insertion
(868_869insT, leading to a frameshift and early stop codon)
would behave as LOF variants both at the NOD2 complex and
at inhibiting cell death, whereas the missense mutation, A321G,
located in the third BIR domain, would retain WT function. To
begin, PBMCs from patients harboring these mutations were
gated for granulocytes, monocytes, and CD3� T cells and ana-
lyzed for expression of XIAP by flow cytometry; Fig. 7b illus-
trates results from the granulocyte fraction, whereas supple-
mental Fig. 2 shows the granulocyte, CD3� T cell, and

Figure 4. XIAP deletion leads to early necroptosis in dendritic cells. a,
Western blot of lysates from DC2.4 Neg, XIAP-G1, and XIAP-G2 cell lines stim-
ulated with TNF (10 ng/�l), GDC-0152 (2 �M), and Z-VAD (20 �M, TGZ) for 0, 2,
or 4 h in the presence (�) or absence (�) of nec-1 (20 �M). Shown are repre-
sentative blots from three independent replicates. b, 540-nm-stimulated
620-nm emission of DC2.4 Neg, XIAP-G1, and XIAP-G2 cell lines stimulated
with TNF (10 ng/�l), GDC-0152 (2 �M), and Z-VAD (20 �M) in imaging medium
containing propidium iodide (1 �g/ml). *, p � 0.05 Neg versus XIAP-G1; �, p �
0.05 Neg versus XIAP-G2 by two-way ANOVA.
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monocyte XIAP expression data. Primary granulocytes from
both patients with early stop codon mutations exhibited no
significant XIAP signal over the isotype control, whereas the
A321G cells exhibited XIAP expression comparable with a
healthy donor control (Fig. 7b and supplemental Fig. 2).

As a first test to determine whether these variants exhibit a
defect in activating NOD2, XIAP knockout DC2.4 dendritic
cells reconstituted with S253X, 868_869insT, and A321G were
stimulated as before with L18-MDP, and IRG1 expression was
analyzed. Matching the prediction, S253X and 868_869insT

failed to facilitate NOD2-induced expression of IRG1, and
A321G induced IRG1 expression at wild-type levels (Fig. 7c). To
confirm the endogenous NOD2 activity of these XIAP variants
and to confirm the work done in cell lines, primary PBMCs
from the patient harboring XIAP variant S253X, the patient
harboring XIAP variant 868_869insT, and the patient harbor-
ing XIAP variant A321G were assayed for their capacity to
induce IRG1 expression in response to L18-MDP stimulation.
Corroborating the data seen in the cell lines, following L18-
MDP stimulation for 2 h, PMBCs harboring XIAP variant

Figure 5. Reconstitution of XIAP-deficient cells with disease-associated XIAP variants. a, schematic of wild-type XIAP, ligase-dead XIAP (H467A), and
seven disease-associated mutations (E99X, R381X, G4466X, G39C, C203Y, H220Y, and K297T) reconstituted to stable XIAP knockout lines. b, Western blots of the
indicated stable XIAP knockout cell lines (HEK293T, DC2.4, and iBMDM) reconstituted with empty vector (Empty) or a variant of XIAP shown in a using a
hygromycin-selectable (HEK293T) or puromycin-selectable (DC2.4 and iBMDM) lentiviral construct. In the top blots, no band for E99X and R381X is present, as
they do not contain an adequate epitope for the anti-XIAP antibody. Expression of E99X and R381X can be visualized (along with all other variants) in the center
blots via the N-terminal myc tag. Arrows indicate the expected locations of the different mutants. PM, point mutant.
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A321G facilitated NOD2-induced expression of IRG1 to a sig-
nificantly higher level than those harboring either S253X or
868_869insT, and cells from patients harboring S253X and
868_869insT mutations failed to induce expression of IRG1 sig-
nificantly above unstimulated cells following L18-MDP treat-
ment (Fig. 7d).

Given that every XIAP variant we have tested to date with a
NOD2 phenotype also has a cell death phenotype, we predicted
that variants S253X and 868_869insT would be unable to sup-
press cell death, whereas A321G, which had WT function at the
NOD2 complex, would readily suppress TNF- and LPS-in-
duced cell death. To test this, XIAP knockout DC2.4 cells
reconstituted with S253X, 868_869insT, and A321G were stim-
ulated as before with either TNF or LPS with or without GDC-
0152, and cell viability was determined. As predicted, S253X
and 868_869insT were incapable of limiting TNF- or LPS-

driven cell death, whereas A321G exhibited WT levels of cell
death inhibition (Fig. 7e). This same pattern was identified in
macrophages reconstituted with the new XIAP variants. S253X
and 868_869insT showed significantly greater cell death, and
A321G prevented cell death as efficiently as wild-type XIAP
(Fig. 7f). Interestingly, as was seen for the first set of variants
studied, NOD2 activation positively correlated with the capac-
ity of a variant to restrict cell death. Specifically, every XIAP
variant that behaved as having loss of function at the NOD2
complex also displayed a marked inability to suppress TNF-
and LPS-induced cell death. Further, these data demonstrate
that not every XIAP variant discovered to date has a detectable
functional deficit, and means to predict and test XIAP variants
for functional activity may likely improve our capacity to pro-
vide care by identifying patients carrying true LOF XIAP
variants.

Figure 6. XIAP variants exhibit a combined NOD2 and cell death phenotype. a, top panel, NOD2-activated NF-�B luciferase assay in HEK293T cell lines
reconstituted with variants of XIAP. Bottom panel, Western blots from a single replicate of the NF-�B luciferase assay above, evidencing equal transfection
efficiency for the HA-tagged NOD2 used to induce NF-�B activity. *, p � 0.05 compared with Neg; �, p � 0.05 compared with XIAP. b, quantitative real-time PCR
performed for IRG1 expression on DC2.4 cells stably expressing XIAP or a disease-associated variant stimulated with 10 �g/ml L18-MDP for 0, 3, or 6 h. *, p �
0.05 compared with the corresponding Neg time point; �, p � 0.05 compared with the corresponding XIAP time point by two-way ANOVA. c, the DC2.4
XIAP-G1 cell line stably reconstituted with empty vector or the XIAP variant (Fig. 5a) were stimulated with TNF in the presence (T�G) or absence (T) of GDC-0152
or LPS in the presence (L�G) or absence (L) of GDC-0152 for 20 –24 h and subsequently stained with methylene blue and quantified (TNF, 10 ng/ml; LPS, 100
ng/ml; GDC-0152, 2 �M). *, p � 0.05 compared with the corresponding Neg treatment; �, p � 0.05 compared with the corresponding XIAP treatment by
two-way ANOVA. d, as in c. iBMDM cell lines stably reconstituted with XIAP variant (Fig. 5a) were stimulated with TNF in the presence or absence of GDC-0152
or LPS in the presence or absence of GDC-0152 for 20 –24 h, stained with methylene blue, and quantified. TNF, 10 ng/ml; LPS, 100 ng/ml; GDC-0152, 200 nM. *,
p � 0.05 compared with the corresponding Neg treatment; �, p � 0.05 compared with the corresponding XIAP treatment by two-way ANOVA.
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Figure 7. A novel set of patient-derived XIAP mutations and primary patient-derived PBMCs facilitates prediction of cell death and NOD2 defects. a,
novel patient mutations used to test the capacity to predict cellular phenotype and patient PBMC response. b, flow plot histograms (counts on the y axis) of
granulocytes, gated by forward and side scatter, analyzed for expression of XIAP (x axis). XIAP expression by flow cytometry for monocytes and CD3� T cells
can be found in supplemental Fig. 2. c, stable DC2.4 cells reconstituted with the novel XIAP variants in a were stimulated with L18-MDP (10 �g/ml) for 0, 3, and
6 h, and real-time PCR was performed for the expression of IRG1. *, p � 0.05 compared with the corresponding Neg time point; �, p � 0.05 compared with the
corresponding XIAP time point by two-way ANOVA. d, quantitative PCR analysis of IRG1 expression of primary PBMCs from patients harboring S253X,
868_869insT, and A321G XIAP mutations following L18-MDP (10 �g/ml) stimulation for 0 or 2 h. *, p � 0.05 A321G versus S253X; �, p � 0.05 A321G versus
868_869insT for 2-h treatment by two-way ANOVA. e, quantification of viable cells by methylene blue staining of DC2.4 reconstituted with XIAP or variants from
a stimulated with TNF (T) or TNF and GDC-0152 (T�G) (top panel) or LPS (L) or LPS and GDC-0152 (L�G) (bottom panel). *, p � 0.05 compared with Neg
treatment; �, p � 0.05 compared with XIAP treatment by two-way ANOVA. f, viable fraction of iBMDM cell lines, reconstituted XIAP, or variants from a following
stimulation with TNF in the absence (T) or presence (T�G) of GDC-0152 (top panel) and LPS (L) or LPS and GDC-0152 (L�G) (bottom panel). *, p � 0.05 compared
with the corresponding Neg treatment; �, p � 0.05 compared with the corresponding XIAP treatment by two-way ANOVA.
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Discussion

XIAP is known to be required for NOD2 signaling and
known to limit cell death (15, 16, 20, 42, 43). Remarkably, its
mutation leads to two major distinct clinical presentations:
XLP-2, a disease characterized by life-threatening exaggerated
cytokine responses to Epstein-Barr virus, and VEO-IBD, a
severe, difficult-to-treat form of inflammatory bowel disease
(17, 18, 62, 63). Given that loss-of-function NOD2 polymor-
phisms predispose to the development of Crohn’s disease
(reviewed in Ref. 7), it is attractive to attribute the totality of the
role of XIAP in VEO-IBD to NOD2 dysfunction. Despite this,
the clinical pathophysiology suggests that XIAP-driven inflam-
matory disease is not solely due to defective NOD signaling.
Patients harboring XIAP mutations and those harboring NOD2
mutations that exhibit loss of function do not share the full
complement of clinical symptoms. Patients with LOF NOD2
polymorphisms typically develop ileal Crohn’s disease at a
much later age (2– 4, 7), whereas patients with XIAP mutations
develop a severe pan-gastrointestinal tract inflammatory dis-
ease at an early age (18, 39). Additionally, patients who are
compound-heterozygous for NOD2 polymorphisms show a
much lower prevalence of disease than those who are hemizy-
gous for XIAP mutations (39, 64, 65). Last, although the same
mutations in XIAP can cause either IBD or XLP-2, there have
been no reports of patients with NOD2 polymorphisms devel-
oping symptoms consistent with a comorbid diagnosis of
XLP-2 or hemophagocytic lymphohistiocytosis. Given these
discrepancies in clinical presentation, it is likely that XIAP-
induced alterations in cell death pathways also contribute to
XIAP-driven inflammatory disease.

Although cell death has been studied using XIAP-mutant
patient cells, published results have been limited to T cells and
intestinal epithelial cells and have been inconsistent (18,
39 – 41, 62). Depending on the study, there has either been no
effect of XIAP mutation on T cell apoptosis (40), a substantial
effect on T cell apoptosis (18), or a variable T cell apoptosis
response not reconcilable with the nature of the mutations (62).
In a single study using patient-derived tissue, no increased apo-
ptosis was seen in intestinal epithelial cells with a markedly
variable T cell apoptosis response (39), whereas another study
using an XIAP-null immortalized colon cancer line found a
variable epithelial cell defect partially protected by XIAP vari-
ants derived from patients (41). Patient-derived cells and
patient-derived mutations have consistently shown a NOD2
signaling defect (18, 39 – 41), but study of the effect on cell
death has been complicated by differing cell types, differing
stimuli used, differing experimental readouts, and potentially
by differing patient disease courses and treatments. Complicat-
ing this is the fact that the cell lines studied have not been those
most responsive to either NOD2 stimuli or to inflammatory cell
death. NOD2 is constitutively expressed in the macrophage/
dendritic cell lineage, and these cells are the most responsive to
initial stimulation with MDP (44 – 46). XIAP loss has been
shown to sensitize macrophages to inflammatory cell death (42,
43), and it has now been shown that hematopoietic stem cell
transplant is often the most effective long-term treatment for
XIAP-driven inflammatory diseases (18, 47– 49). Despite this,

there has yet to be a study examining XIAP mutant-directed
cell death in either macrophages or dendritic cells. In addition,
examination of the functional activity of XIAP mutations that
result in a truncated protein product is problematic in patient-
derived primary PBMCs and tissue. This is due to the fact that
the primary method of detection, flow cytometry using a mono-
clonal antibody to a C-terminal fragment of XIAP (62, 66), can-
not detect truncated proteins when they are expressed. In this
manuscript, we address these issues by generating XIAP-defi-
cient macrophage and dendritic cell lines that not only show
loss of XIAP expression but also loss of effective NOD2-depen-
dent signaling (Fig. 1). We show that these cells are susceptible
to inflammatory cell death in response to either TNF or LPS
(Fig. 2), and we show that this preferentially occurs through
apoptosis in macrophages and through combined apoptosis
and necroptosis in dendritic cells (Figs. 3 and 4). We then use
this novel system to reconstitute XLP-2 and VEO-IBD XIAP
mutants at endogenous levels in these cell types, including
truncation products that are difficult to detect clinically (Fig. 5).
Using the cell lines reconstituted with patient-derived XIAP
variants, we then show that mutants that lack the ability to
signal through NOD2 also show increased susceptibility to
inflammatory cell death (Fig. 6 and supplemental Fig. 1). Using
this system, we then characterize three novel XLP-2 XIAP
mutations and show that they have the same phenotype as
those studied previously (Fig. 7). In all, this work helps to sys-
tematically study the role of patient-derived XIAP mutations in
NOD2 signaling and in inflammation-related cell death suscep-
tibility in the myeloid lineage, providing a framework and re-
agents for rapid testing of novel XIAP variants discovered in
patients. This work shows that NOD2 signaling loss is linked to
inflammatory cell death susceptibility through XIAP and not
only develops a molecular framework for the study of novel
XIAP mutations but also implies that inflammatory cell death is
central to both XLP-2 and VEO-IBD pathogenesis.

Experimental procedures

Cells, plasmids, reagents, antibodies, and Western blotting

HEK293T cells used for virus production, and luciferase
assays were purchased from the ATCC and cultured in DMEM
(Corning) supplemented with 10% GemCell super calf serum
(Gemini) and 1% antibiotics and 1% antimycotics (1% anti-anti,
Gibco). Immortalized murine bone marrow-derived macro-
phages, originally from Dr. Eicke Latz (University of Bonn,
Institute of Innate Immunity) were cultured as described pre-
viously (67). The dendritic cell line DC2.4 was obtained under
an approved material transfer agreement from Dr. Kenneth
Rock (University of Massachusetts Medical School, Depart-
ment of Pathology, Worcester, MA) and cultured in RPMI
(Corning) supplemented with 10% heat-inactivated super calf
serum, 1% antibiotics and 1% antimycotics (1% anti-anti,
Gibco), 2 mM L-glutamine (Gibco), 1� MEM nonessential
amino acids (Gibco), 1 mM HEPES (pH 7.4) (Fisher Scientific),
and 50 �M 2-mercaptoethanol (Fisher).

pEBB-XIAP (38) was a gift from Jon Ashwell (Addgene plas-
mid 11558). pMD2.G (Addgene plasmid 12259) and PsPax2
(Addgene plasmid 12260) were a gift from Didier Trono. Len-
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tiCrispV2 (51) was a gift from Feng Zhang (Addgene plasmid
52961). pcDNA3-HA-NOD1 and pcDNA3-HA-NOD2 were a
generous gift from Dr. Christine McDonald (Department of
Pathology, Cleveland Clinic Foundation, Cleveland, OH). Gen-
eration of stable XIAP-expressing reconstitution cell lines was
achieved using a novel lentiviral vector we developed recently
(50). To increase the range of use of the LentiCrisprV2 with our
reconstitution construct, the original puromycin resistance
gene was replaced with the hygromycin resistance gene, yield-
ing a new LentiCrisprV2 construct selectable with hygromycin.
To generate mutations to XIAP-containing plasmids corre-
sponding to genetic XIAP variants, site-directed mutagenesis
was performed (Stratagene) using primers designed by an
online tool. All new constructs generated, including the novel
lentiviral construct containing XIAP and either a hygromycin
or puromycin resistance gene, were constructed using Gibson
double-stranded DNA isothermal assembly methods (68).

Proteins of interest were detected by Western blotting fol-
lowing lysis in complete Triton lysis buffer containing 150 mM

NaCl, 50 mM Tris (pH 7.4), 2.5 mM sodium pyrophosphate, 1
mM �-glycerophosphate, 5 mM iodoacetamide, 5 mM N-ethyl-
maleimide, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM

EGTA, 1 mM EDTA, 1% Triton X-100, and complete protease
inhibitor mixture (Sigma) using mouse monoclonal antibody to
XIAP (BD Transduction Laboratories), mouse polyclonal anti-
body to GAPDH (ProteinTech), rabbit monoclonal antibody to
phosphorylated MLKL (Abcam), rabbit polyclonal antibody to
mouse MLKL (Abgent), mouse monoclonal antibody to the HA
tag (BioLegend), goat polyclonal antibody to actin (Santa Cruz
Biotechnology), rabbit monoclonal antibody to the myc tag
(Cell Signaling Technology), and rabbit polyclonal antibody to
caspase-3 (Cell Signaling Technology) and used according to
the instructions of the manufacturer. HRP-conjugated antibod-
ies recognizing mouse and rabbit IgG were from Cell Signaling
Technology, and HRP-conjugated antibody recognizing goat
IgG was purchased from Southern BioTech. Luciferase assays
were performed on a Wallac Victor3V (PerkinElmer Life Sci-
ences) using the Dual-Luciferase reporter kit from Promega.

CRISPR/SpCas9 knockout of XIAP and stable cell line
generation

Generation of stable XIAP knockout cell lines was achieved
using the LentiCrisprV2 system. Lentivirus was produced by
calcium phosphate transfection of the lentiviral plasmid,
pMD2.G, and PsPax2 in a 4 to 3 to 1.2 ratio to HEK293T cells.
After 2 days of virus production, supernatants were harvested
and cleared by centrifugation, followed by filtration through a
0.45-�m syringe filter. Recipient cells were then incubated in
the cleared viral supernatants with Polybrene transfection re-
agent (EMD Millipore, 10 �g/ml) for 2 days. After transduction
with lentivirus, cells were stably selected in either puromycin
(Invivogen, 2 �g/ml, HEK293Ts) or hygromycin (Invivogen,
350 �g/ml, iBMDMs and DC2.4s), and single-cell clone popu-
lations were generated, expanded, and tested by Western blot-
ting for expression of XIAP. Six or more individual clones with
undetectable expression of XIAP were then pooled to generate
stable knockout pools for each sgRNA.

A novel lentiviral vector generated recently in our laboratory
was used to reconstitute XIAP or variant to the generated XIAP
knockout lines. An EF1a promoter drives expression of a select-
able marker coupled by a P2A self-cleaving peptide to a triply
myc-tagged XIAP or variant. Infection of cells with this con-
struct results in selectable expression of XIAP. The reconstitu-
tion construct contains either the puromycin resistance gene or
the hygromycin resistance gene, depending on which Lenti-
CrisprV2 construct was used. HEK293Ts received a puromy-
cin-selectable LentiCrisprV2 and hygromycin-selectable
reconstitution construct. DC2.4s and iBMDMs received a
hygromycin-selectable LentiCrisprV2 and puromycin-select-
able reconstitution construct. To prevent residually expressed
CRISPR/SpCas9 in the parent knockout cell line from disrupt-
ing the reconstitution construct, the PAM was mutated, in the
viral construct corresponding to the sgRNA of the stable
knockout cell line being transformed, to a stable reconstitution
cell line. Virus was produced as above, and after antibiotic
selection for at least a week, the entire virally transduced and
stably selected pool was used to assay expression and for
experiments.

RNA and quantitative real-time PCR

Messenger RNA was isolated from cells using the QiaShred-
der and RNEasy kits (Qiagen, catalog nos. 79656 and 74136,
respectively) and converted to cDNA using the Quantitect
reverse transcription kit (Qiagen, catalog no. 205313) accord-
ing to the instructions of the manufacturer. Real-time quanti-
tative PCR was performed with iQ SYBR Green Supermix (Bio-
Rad, catalog no. 170-8882) using primers to GAPDH (human,
5�-CTCCTGTTCGACAGTCAGCC-3� (forward) and 5�-CGA-
CCAAATCCGTTGACTCC-3�] (reverse); mouse, 5�-AGGC-
CGGTGCTGAGTATGTC-3� (forward) and 5�-TGCCTGCT-
TCACCACCTTCT-3�] (reverse)) and IRG1 (human, 5�-CAA-
GGAGGCCAATGACATGC-3� (forward) and 5�-AGCTTCT-
CGGCACTTTGTCG-3� (reverse); mouse, 5�-GTTTGGGGT-
CGACCAGACTT-3� (forward) and 5�-CAGGTCGAGGCCA-
GAAAACT-3� (reverse)) on a Bio-Rad CFX96 C1000 real-time
thermocycler system. Experiments were performed in techni-
cal duplicates three times. For quantitative real-time PCR on
PBMCs isolated from patients, whole viable PBMCs of a given
genetic background (e.g. A321G, S253X, or 868_869insT) were
stimulated in three (A321G and 868_869insT) or two (S253X)
separate experiments. Each of these replicates were performed
on separate days.

TNF and LPS cytotoxicity assays

The day before starting treatment, cells were plated at
200,000 –300,000 cells/well in a 24-well plate (Corning). The
following day, the medium was changed to contain the indi-
cated treatment with LPS (Invivogen), GDC-0152 (MedChem
Express), necrostatin-1 (Apex Bio), and Z-VAD (Apex Bio).
The recombinant TNF used in these studies was from Gold
Biotechnology or was purified by a GST tag from bacterial
expression, and LPS was removed by Pierce high-capacity
endotoxin removal resin (Thermo Fisher Scientific). For LPS
cytotoxicity studies, cells were pretreated with LPS for 3– 4 h
prior to treatment. Following 18 –24 h of treatment, 24-well
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plates were washed once in PBS (135 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4, and 1.8 mM KH2PO4 (pH 7.4)) and incubated for
10 min with 0.2 �M sterile filtered ice-cold methylene blue
(Sigma, 2 g/ml) mixed in a 1:1 solution of methanol and distilled
water. After washing twice with PBS, stained plates were air-
dried and scanned at 1200 dots per inch in 24-bit true color on
a Brother MFC-J4510DW. Individual wells of the 24-well plates
were then quantified using ImageJ (National Institutes of
Health, Bethesda, MD) for the presence of retained methylene
blue in each well.

Propidium iodide influx assays

The day before the experiment cells were plated at 500,000
cells per well in a 24-well plate (Corning) and allowed to adhere
overnight. On the day of the experiment, immediately before
taking fluorescent measurements, the medium was changed to
a filter-sterilized balanced salt solution (130 mM NaCl, 4 mM

KCl, 1.5 mM CaCl2,1 mM MgCl2, 25 mM sodium HEPES, and 5
mM D-glucose (pH 7.4)) supplemented with 0.1% BSA and 1
�g/ml propidium iodide. Using a BioTek Synergy HT plate
reader heated to 37 °C, 620-nm emission following 540-nm
excitation was recorded at 10-min intervals. After a brief period
to record background fluorescence, cells were stimulated with
TNF (10 ng/ml) or TNF (10 ng/ml), GDC-0152 (2 �M), and
Z-VAD (20 �M) to induce necroptosis.

Acquisition of patient PBMCs and flow cytometric detection of
XIAP

Patients consented to a Cincinnati Children’s Hospital Insti-
tutional Review Board approved protocol. Peripheral blood
mononuclear cells were isolated from peripheral blood samples
by density gradient centrifugation. Sequencing and measure-
ment of XIAP by flow cytometry was performed as reported
previously (66).
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